When granulocytes are labeled with diisopropylfluorophosphate (DFP32) and then returned to the circulation of the donor, the labeled granulocytes are distributed in a pool of cells which is approximately two times larger than that calculated from the blood volume and the concentration of granulocytes in the circulating venous blood (1, 2).
When granulocytes are labeled with diisopropylfluorophosphate (DFP32) and then returned to the circulation of the donor, the labeled granulocytes are distributed in a pool of cells which is approximately two times larger than that calculated from the blood volume and the concentration of granulocytes in the circulating venous blood (1, 2) . This pool has been referred to as the total blood granulocyte pool (TBGP) and it consists of two subcompartments or pools. These pools have been designated the circulating granulocyte pool (CGP) and the marginal granulocyte pool (MGP). The size of the CGP can be calculated from the blood volume and the absolute granulocyte count. Equilibration between the granulocytes in the CGP and in the "noncirculating" or MGP is sufficiently rapid and complete to allow these two pools to be considered as one kinetically, and the size of the TBGP can be determined by the isotope dilution principle. Since the cells are removed from the TBGP in an exponential fashion with a mean half-time disappearance (Ti) of 6.6 hours, the granulocyte turnover rate (GTR), that is, the number of granulocytes turned over through the blood in a unit of time, can be calculated.
The purpose of this paper is to present data on the GTR in normal subjects, as well as additional data on the size of the TBGP, CGP and MGP in normal subjects. The influence of steroids, physical exercise, epinephrine and bacterial endotoxin on these parameters in normal subjects has also been studied. Several preliminary reports of this work have been published (3, 4) .
MATERIALS AND METHODS
Twenty-five volunteers from the Utah State Prison, in addition to the 45 subjects previously reported (1, 2), were used in these studies. All of the subjects were normal healthy males, 20 to 50 years of age, with normal leukocyte values. The subjects ate breakfast at 6:00 a.m. and the infusion of labeled blood was begun between 8:00 and 10:00 a.m.
The methods for labeling blood in vitro, for the isolation of leukocytes from the blood samples, for the determination of leukocyte radioactivity, and for the calculation of the TBGP, CGP and T± have been described in previous publications (1, 2, 5) .
The GTR, defined as the number of granulocytes turned over through the blood each day per kilogram body weight, was calculated from the following equation (6) : GTR = 24 X 0.693/Ti (hrs) X TBGP (no. cells X 107/kg).
The DFP32 was purchased from the New England Nuclear Corp., Boston, Mass., as a dilute solution (1.0 mg per ml) in sterile, anhydrous propylene glycol. The concentration of DFP was determined in our own laboratory by a modification of the method of Marsh and Neale (7) . The specific activity of the material at the time it was used was 74 to 224 /Ac per mg. Except when noted otherwise, DFP32 was added to the blood (400 to 500 ml) in the bag in a concentration of 0.3 1Ag per ml of whole blood. RESULTS TBGP, CGP, MGP, Th and GTR in normal subjects. The values for the total blood granulocyte pool, circulating granulocyte pool, marginal granulocyte pool, half-time disappearance and granulocyte turnover rate in normal male subjects are presented in Table I . The pool sizes were determined on a total of 70 normal subjects, including the 45 subjects previously reported (2).
The TA and GTR were determined on 45 of the 70 individuals. To determine the reproducibility of these parameters in normal subjects, studies were carried out in four subjects and repeated in the same subjects 1 month later. The concentration of DFP32 used was 0.15 jug per ml of whole blood rather than the customary 0.30 pg per ml so that the amount of radiation which each subject received was not increased. The results are presented in Table II . Table III . Prednisone increased the CGP an average of 76 per cent, the MGP 53 per cent and the TBGP 67 per cent. In spite of this increase, the GTR was not altered significantly because of a prolongation of the Ti.
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Influence of exercise on the TBGP, CGP, MGP, Tj and GTR. In a previous study (2) it was demonstrated that physical exercise resulted in a shift of granulocytes from the MGP to the CGP without an increase in the TBGP.
To determine if exercise influences the rate of disappearance of granulocytes from the blood, six subjects were given an infusion of autogenous, DFP32-labeled blood. The pool sizes were determined and 6 hours later, at which time the slope of the disappearance curve was well established, the subjects ran 440 yards. In none of the sub-LEUKOKINETIC STUDIEtS. IV.9 jects was the slope of the disappearance curve altered following exercise, in spite of the increase in the concentration of granulocytes in the CGP. The disappearance curve in a representative subject is presented in Figure 1 .
Since exercise did not influence the slope of the disappearance curve, the GTR was calculated for each of the subjects. The data are summarized in Six hours after the infusion of labeled blood, the subject ran 440 yards. The specific activity -(cpm/mg WBC N) was the same immediately after exercise as before exercise, in spite of the increase in the granulocyte count. Thus, the cells which were mobilized into the CGP had the same specific activity as those already present in this pool. Furthermore, this shift of cells into the pool had no influence on the slope of the disappearance curve.
Influence of epinephrine on the TBGP, CGP, MGP, Tj and GTR. In the previous publication (2), evidence was presented that epinephrine, like physical exercise, results in a shift of granulocytes from the MGP to the CGP, the TBGP remaining unchanged.
To determine if epinephrine influences the rate of disappearance of granulocytes from the blood, four subjects were given an infusion of autogenous, DFP32-labeled blood to which 0.5 mg of epinephrine was added. The pool sizes and the T1 were then determined. The Tj and the GTR were within the normal limits in all four subjects (Table IV) .
Influence of bacterial endotoxin on the TBGP, CGP and MGP. The administration of bacterial endotoxin in small amounts to human subjects is associated with a granulocytosis 5 to 10 hours after the substance is given intravenously (8) . A transient, mild granulocytopenia has been observed in some but not in all subjects 1 to 2 hours after the intravenous injection of endotoxin.
The influence of endotoxin (highly purified protein-free lipopolysaccharide from Salmonella abortus equi) on the TBGP, CGP and MGP was determined in six subjects. The pool sizes were measured on three separate occasions; before the intravenous administration of 0.1 /ig of bacterial endotoxin and 1.5 and 5.0 hours after endotoxin was given. On each occasion the blood was labeled with 0.1 ,ug of DFP32 per ml of whole blood. The results are presented in Table V. A transient granulocytopenia was detected in two of the six subjects 1.5 hours after endotoxin was given. In these two subjects there was a shift of granulocytes from the CGP to the MGP, without an increase in the TBGP at this time. In the other four subjects, there was an appreciable increase in the TBGP 1.5 hours after endotoxin.
This increase was due primarily to an increase in MGP.
Five hours after endotoxin administration, both the CGP and the MGP were greatly increased but the ratio of the size of the CGP to the MGP was unaltered as compared with the values prior to the administration of endotoxin.
The influence of endotoxin on the granulocyte disappearance curve was studied in three subjects.
Four hours after an infusion of autogenous, DFP32-labeled blood, at which time the slope of the disappearance curve was established, each subject was given 0.1 /Ag of endotoxin intravenously.
The results in one subject with a transient early granulocytopenia are presented in Figure 2 .
During the transient granulocytopenic phase which appeared 1.5 hours after endotoxin administration, the rate of decrease in the specific activity of the granulocytes in the circulation was unaltered. This would be expected since removal of granulocytes from the CGP would not alter the specific activity of the cells remaining. On the other hand, during the phase when the granulocyte count was increasing, there was a precipitous decline in the specific activity of the granulocytes in the CGP. Thus, during this period unlabeled granulocytes were entering this compartment diluting the specific activity of the cells.
DISCUSSION
In the physiological steady state, the GTR is equivalent to the rate of production of granulocytes by the bone marrow and the rate of utilization of granulocytes by the tissues. The study of production and destruction rates in patients with disorders of granulopoiesis should be of considerable interest and should add to our understanding of the pathophysiology of these diseases, just as a study of red cell production and destruction rates has added to our understanding of the pathophysiology of the anemias.
Direct quantitative measurement of the GTR has not been possible heretofore. Our studies indicate that normal subjects produce and utilize (destroy) 180 X 107 granulocytes per day per kg of body weight. This value is of the same order of magnitude as the value of 123 x 107 cells which Killmann, Cronkite, Fliedner and Bond (9) calculated from the observed ratio between mitoses in the erythroid and myeloid series, assuming an equal mitotic time for the two series.
The range of values for the GTR which we have obtained in normal subjects is wide. This probably is due in part to cumulative errors in the methods and in part to physiological variations. The GTR was reproducible in a given subject within a factor of two. The variation observed when the measurements were repeated in the same subject 1 month later could have been due to inaccuracies of the method, to physiological variations, or to both. Since it is well known that the leukocyte count varies in a subject from hour to hour and from day to day, it would be expected that the GTR would vary to a greater degree than the erythrocyte turnover rate. Our experiments do indicate that the variation in the GTR in a given subject from time to time is nearly as great as the differences which are observed beween individuals. Comparisons between the mean value of. at least four determinations would seem to be required before conclusions can be drawn reliably. The difference between the mean values for the GTR repeated in four subjects was 10 per cent.
In addition to the possible sources of error in the estimation of the blood pools and T4 which were discussed previously (1, 2, 5), the assumption is made in the calculation of the GTR that granulocytes do not return from the tissues to the TBGP. Several observers (10, 11 ) (13) .
In the present investigation perturbations were induced in the system with physical exercise, epinephrine, prednisone and bacterial endotoxin (Figure 3) . From these studies certain characteristics of the system can be defined.
Exercise and epinephrine, as reported previously (2) other four subjects margination and mobilization of cells into the TBGP occurred simultaneously. Although the ratio of the CGP to MGP was decreased, there was no reduction in the size of the CGP and, therefore, no neutropenia. Five hours after endotoxin administration, the CGP as well as the MGP was greatly increased in all six subjects. Since granulocytes presumably do not move from the tissues to the blood, the unlabeled cells which entered the TBGP must have been released from the bone marrow pool of granulocytes. Craddock and co-workers (8) have presented other evidence that this is the case and they have suggested that the administration of endotoxin may be a useful procedure in assessing marrow granulocyte reserve. It would be interesting to know if endotoxin increased the GTR. Because the size of the TBGP was constantly changing after endotoxin was given, the system was not in a steady state and this calculation could not be considered accurate under these conditions.
The GTR is probably influenced by a wide variety of physiological and pathological factors. It is to be regretted that our studies in normal subjects have been limited to males. We have not felt justified in exposing normal females in the childbearing period of life to even these small amounts of radiation. Diurnal variations, psychological stress, variation with age, and the influence of meals on the GTR deserve study. SUMMARY 1. The granulocyte turnover rate (GTR) has been determined in 45 normal male subjects. The size of the total blood granulocyte pool (TBGP), circulating granulocyte pool (CGP) and marginal granulocyte pool (MGP) has been measured in 70 normal male subjects. Perturbations were produced in the system with prednisone, physical exercise, epinephrine and bacterial endotoxin, and the influence of these perturbations on the above parameters was studied.
2. 5. Bacterial endotoxin produced a shift of cells from the CGP to the MGP and an influx of cells into the TBGP from the intramedullary pool of granulocytes.
